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(54)Title: EPITAXIAL SILICON WAFER AND ITS PRODUCTION METHOD, AND SUBSTRATE FOR EPITAXIAL 
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(57) Abstract 

An epitaxial silicon wafer having no projection whose size is 100 nm or more and whose height is 5 nm on an epitaxial layer, and a 
method for producing an epitaxial silicon wafer produced by growing by a CZ method a single crystal rod where no I region is present, 
cutting the single crystal rod into a silicon wafer where no I region is present over the surface, and depositing an epitaxial layer on the wafer. 
A high-quality epitaxial wafer is provided which is produced by forming a wafer containing no I region over the surface from a single 
costal and depositing an epitaxial layer on the wafer and which has no projection nor projection like distortion on the epitaxial layer 
observed as a particle. A single crystal containing no I region over the surface extending in the direction of the radius of the single crystal is 
produced at high yield and productivity, thereby improving the productivity of an epitaxial wafer and reducing the manufacturing cost. 



d5 # L /j; v> :3i t- ■> -v- ••> y =1 >• t> — /N is J; t>* C Z ffe J; o T 

1^ ^ -V II A/ T- . f g ^ M ^ ^ 5 VMi ^< — ^' i?' L X 

V 12 § 0 



AE 




DM 


K i =^-h 


AG 




DZ 




A L 




EE 


h — r 


AM 




ES 




AT 


^— ;^ h y r 


F I 


"7^ y V > K 


AU 




F R 




A Z 


T-tf/u>'<-< -l^-v > 


OA 




B A 




G B 




B B 




GD 




B E 




G E 




B F 


y/i-^-f- • 7 r y 


GH 




BG 




GM 


t'T 


B J 




GN 


ip— T 


B R 




G R 


->-r 


B Y 




GW 




C A 




HR 




C F 




HU 




CG 


3 > 3 


I D 




CH 




I E 




C 1 




1 L 




CM 




1 N 


-f > K 


CN 




I S 




CR 


=j ^ ^ ■ U :«7 


I T 




CU 




J P 


0^ 


C Y 




KE 




C 2 




KG 




D E 




K P 




DK 




K R 





KZ 




R U 




LC 




SD 




L I 




S E 




LK 


;^ y • 5? >-3t? 


sc 




LR 




S I 




L S 




S K 


*r 


LT 




S L 




LU 




SN 




L V 




S Z 




MA 




TD 




MC 




TG 


h — z^— 


MD 




T J 




MG 




TM 




MK 




T R 




ML 




TT 






T Z 




MN 


^ > ^vw 


U A 




MR 




UG 




MW 




U S 




MX 




u z 




M2 




V N 




NE 


z^'J x. — 


YU 


zi-— — 7 C-r T 


NL 


^7 


2 A 




NO 


J—i^^ X — 


Z W 




NZ 


^ cj. — • v^— 7 >' K 




P L 








PT 








RO 









wo 00/46433 ^^PCT/JPOO/00379 



m m ^ 



M t>* ^ t° rJ' ^ v' /i^ v' y ='>'>^~^^mSWi 

5 

:$:^m ^kH^^f^^^-^-^/Ui/-!; ^^-^^oi — yN^3J;t>•-e(0§3it:^5■ 
^fe M t>' (r ^ f ^ ^i' ~> y =' ^ - ^^ ^ S ;K M i" 5 t (7? T' -5 „ 



10 ^^mm 

15 So ^ <0 * ® (D p°p ® |6] ± . * 7 5'- T 7° ^ C ^fe i U -C , f a? 

y =1 ^ ^7 - ( T . ^ t' 31 - t 5 :i i j45 5 ) *5 

L « L ffl ^ n 5 . 
>? ffi $ n fc 5' ^ - (d 31 b" ^ ^ ^ ( T . ^ m t 0 z. t r> 

- fix 6<j . T' {1 . B^B )^ S B# i;i E5t n S ^ Pfe - ffi ffi ^) . 

— -oJigg^L (Vacancy) Tfct), ts^-oligEl^^PBll^^ (I 
25 nterst i t. ia 1-Si) ^lOrt, -^U^VJ!^. ^^(O^S 

6 ^ ^ i- 5 DD ^ . ^ J; 9 O ;6S ^ m ^ V T "9 . -> 

i^- ^ (D m. m (D ^ cL ^ ^ m ^ m $^ ^j: m*^ i -c § » c <?> v isk 



wo 00/46433 




PCT/JPOO/00379 



ir|± ^ ?L 7" :5c Pfe ;SS ^ -g- L K 0 <k $ tl T V^ S F P D . L 

STD. c o p m (D y u - 4 m m & ^ tE. \^ . i^^i^ii^ 

;^ - ig H ^ % 7. b T 5 L / D ( Psl & /i^ - (d |B§ , L S 
EPD, LFPD^) (D^|5(&;!)M£^-!tlc:#^Ei-5i:^nTV^^)o 

/m i n] <b^H%figS#Sia^CD^^f!gft$ft:^r^(^)taS'4giEG [^/m 

m] (r.c(rGii. ixy 4 i 2 x:^^ i 4 o o °c x- (d m 

[mm] X'^^mm I 2 °C ^ fi) o ife ffi T- ^ ) <b O tb . F / G Cl 

:: o ffi ?^ T [a] o # ^ i IS igg t ^.c 5 o 

^:^rs]5^*(Di5ftS!ctfcic:?'j^-s„ (o m. M ^ m x F y g t!)'^ ^ ^ — m m 

Sr S ;t n li\ 31 - ^^ ® I ^ ^ CO v^ fa d> # ?j n 5. o f£ L . r 
(Dm . ^^B(D^jgt|5 2 Ommii,^:5(:|5fe;65^±^^E.^t^:^ti:ifcLT^^^i^ 

fefii;^ (;$:^P^{:L*5V^x{i^ o. 0 3Q- cmiJAJicotSfct^Sr^i-'b 
(O) (Ojgf0(D#-a-sJl)a^2OmmS:|^<(^WJikT-CFyGdSO. 18 
mm^ /°C-mi n Si ± X h fl \-£ . ^®Vti^<^*Sil*M#biX'Sc i^t-. 
PjalF|52 Omm^l^<rtffl)J^-C-CF/'G;?)5 0. 1 8mm= /"C • m i n 

X hni-£ . ±m I m ^ # ^ tt 5 „ 
z (D ^ 'J (D X . ^'ik^TS^ t f£ ^ I 0 ^ ^ }ik ^ (D -km.'^'^ 

(D M 3£ 1^ VN -t 14 . ^ ^ "fJ .(> t ia Sfi t O G (D ^ :^ ^ < X o . e£ 
:EiiSF/6S^<^@^t:?^S!i(75ti;k(:lj:oT^g:^'•r•5fc^?>^ ^B^B^;^fSi^T 

TVtsi'^i:^c?5j;9neF/G^jgj53ci-5ri:^siiU<''j;o-c%yi„ z. <d 

/C it* , — S -C- I 1^ i: V >4"^ ?S ?t L J, < 7t o T *3 t9 , ilT S i- 

ttSlHl5:k:il:@'J':3^ — ^■-0^< 14 T mW. ^ ^ X ^ o 



wo 00/46433 




'CT/JPOO/00379 



3 

I ■ \r (o ^ t ^ F / G (D m. . s ^ ^ o fa t v^ , :ic # < /j; 

5 oTff<o ttoT, rfi#{::ttlI51§P^{gjg^n:^:>:ii-/N(0#<{±MJi^ 
^ -e l/^ s „ 

i5 ^ . a: ^ Ik J; t>* ^ t° Rjc s ?a ;^ <7) fb o »s n CO X' , i o ^ > 

10 ^NJhir?^5KI^^$tb^rt(^/.?d»o:rc^-?-7^-f P m ^ ^ ir\^ ^ m. ^ 

-r:5^/W-Cfcl3.:ine)SrAFM (Atomic Force Micr 

o s c o p e ; W.^m:fdmnm) ^{c:J;'9lS^i-5t^Sfe'5VN|4/>- 

(D^^-T^-fi^/u^t Lxmm^ti^:Lth}h^zti)^n'ox^tz. 

fi^tt {;i4-;t-2)^^li:^#<. h' ^ :^ - (r:> & M ± 

25 ^ o 

^ T' . l-t :l <D ^ o ^J:mm X fj: ^ tLt^ h 0) X s m ± 

miz I ^ * J'.e -i? ^ - ^ :k iiC ^ ¥ S b ff^ R^; b . c ^ t° 

^ ^ ^ ^i-m A^x . ^ii'mmmi^^f&^^^ — T^^ ^^/nD^^SLnev^ 



wo 00/46433 




PCT/JPOO/00379 



4 

ii; D°p g ^ f df- v' ^ /u r> - ii ^ i- 5 <!: * 35 ^ ffi AS I mmX'f£ 

:^mmi^. m m u ^ ^ m m-t ^ fz )6 \z ^ ^ ti h (D X- . :^mm(Dm i 

5 (Ommit. ^ 11° -^^ ^ ±\Z. . :kt$100nmJ£t±. m ^ 5 n m 

SJ^ ± (O m IS. ^ ■■(£ ]^ fj: ^ t ^ <^ m t -t ^ ^ 'f' ^ ^ }} =1 <y ^ 

— -e 5 c ^ <^ J; 9 jfe t° -\' ^U"> y =i >- :3i — ^ ^ co ^ t" 
® ± d"b ® ^ S ml K ^ ^ <^ ^ ^ fe 5 VMi Si e 4^ -'-^ — 7" ^ ^ 9& 

p°D g a: t" ^ dr -> ^ /U tj7 re — # 5 - <t ^jS "C # 5 „ 

L X . (r:> m 2 a:) mmi-i. . ^ t: ^ ^ \ ju m m. m ^) ^ >- ^ ^r. 

:'<Ct^lOOnmJ!^i_h, iii$5nmi^i±.O^je;4S#::eEL 

v^ ~> y ^ ^ ^ — ^ ^ t° v- ^ /I. S ^ ffi t L T i- n . ^ f 
^ ~> fi£ ft ^ f ij? dr ji i- ^ ^< -r # ^. ji: $ s 

:Kt $ 1 0 0 nmJet_h, 5 nmJ!^^JlO0§ie;6S#:^EU^i;V^^eip"n»3lt• 

— <b L X , 1 ^ ^ * v^ ^ $g ^ ffl v\ 5 c ^ ^ # m i i- -5 ^ f iS? 

^(D X. 0 \^:^\:: ^ ^ ^ ;i^m ^\z^mt^^ < hw.mx h ^ \ m 



wo 00/46433 




•CT/JPOD/00379 



5 

5!fc{3. TS^mm (D ^ 4 (Dmm\±. =^ a i^ y ^ ^ - m\z ^ ^ x -> V :y 

^ ^ f^-t ^mi^ . I ^ ^ ^ ^ /.^ v^ * *g D^p ^ w ^ L . m -^-m^B 

o S[ it :^ &- r- $> s o 

^ o ,fc e» . c z t;i <t o T -> i; => > ^ ^ W fife i- -5 1^ , ^ b^b 

L S ^ oB {c: I ^ t3c -g- S -> y = m — >n ;c oi t* ^ ^ 
10 ^ *a tp J; 9 -f tt « . ^ f -> ^ Jb {c ^ ^ S ^/^ {i 5^ ^ t*c x< - 7" 
>f iJ' |g ^ i- 5 ' <t fi % < . ii; p°p g (D t° ^ -> y 3 ■> 

ro^9£SrWSiJ1-^Ci:;5ST't. V =i WW. (D ii^ ^ ^ ^ < -t 

r t T- 1 ^ o X' , ^ /?g s it ^ (7) IS ii -fb ^ isg -5 ^ t r^X' ^ So 

i n] (Cr-fCF : *|$B^Bfi)cfiiiS [mm/'mi n], G :**SH^pfife;i:# 
20 ®i545|-C<D*g^^S«^:fe-f^i]<Dfi;K4gBe CC/mm] -b-TS) 0. 1 

8mm=2 /°c ■ m i niU±.>UX. S^it^O. 0 3 £2 • cmJgi,JiX;0^O 
¥ ^ B^B O ^ ;^ 1^ <0 ® ^ S V ^ X- 5 ^ *S B^B # ^ W fife -r -5 ^ X 

25 ->y:^>^^a^Oj5£S^{*F/G^. 0. ISmm^/^C-mini^li 

\Z. :^ \l' ^ ^ ^ j\. m ^ ^ k> X ^l&i^ — =r ^ -i^ <D ^ i£ ts: \,-^ :sL ^ i/ 



wo 00/46433 




PCT/JPOO/00379 



6 • » 

^yV->y => — :t Ut^ -t ^ ^ t ib> t ^ . 

F/'G>720-p2-37-p + 0. 65 
(^^(dp : m'^^B<Di&mm CQ- cm], F r^J^I^BfifeSjig [mm 

/ m m 3 t -r ^ ) 

ffi V M ^ t? $5 5 ^ IS a^B # ^ W -f -5 r i: X' % . ^ f.^- B^B # ^ 

-C ^ — -7" W yHZ) 5^ if ^£ V^ ^ t° ^ :3f^ y =1 ^ rj, oi — ^ $J 

f^)su-r ^mm^TKw-m^ k V. ^ (d ^ m m ^ 5 o o 

eoOOGa u s si:L-CM3a-f5-i:3!i5MSbV^„ 

HMCZ?^tt>V^9), ^ (D ^ -t" m ^ BISl ^ 5 0 0~6 0 O OGa 

SiJ ^ n > ^ if) is i2^T*(7D^mi;^*;5SiJn;t ?,tbT^*«e^<D^^S:^f6] 
(Dmf^'^^r> - S 1^ - $ , o ^ JF^ ^ # ^ T {' a^H fiSc ft ^ 

T«D->y='Vii!!iS<^«i:^lRl©S^ia (dT/dZ) m $:/J^$<■t-5r> 



wo 00/46433 




'CT/JPOO/00379 



7 

B *J , !t aH4 O {S T ^ < d <b {;i o T b * 9 . ± 15 <7^ J; 9 . g 
fife # S o S <fe] IB G (D ^ ;^ f"! ^ ^ *D V ^ -c. il'^ ^'^ < t t — ^ |;i , 3 . 

^ f0 ffl) ;c S j± . Si£ b^b Ih] ^ fS it i- -5 (7^ d'^ W ^ T fo -5 jS^- . - 

)JS 6t] {;i i± 1^ [H] CO fJS 'fb 1$ S # S CO ^ ^ it^<Z)>FJ^-^'bfc 
b <o -c M * L < < , # ic -r ^-^ >^ X s r- U7 ^ - ys ^ ^ ^ 

^ ^ It ^ 5 - ^ {.j- < ^ i^ioi'\zf&^m^<D 

<b -c* t , ^ =^ ~ -C m m ^-i- ^ Z t m ± ^ Z t /js -c ^ 5 „ 
25 § o 

rcOj;9(w. ^%B^£0;fyfc-CM#?>nS3iei5'drv^-r/^v'y =i>r>ai — 



wo 00/46433 




PCT/JPOO/00379 



8 • •* 

^ f ^ v' ^ 1) — x-x t S „ 

^^ ffl S S {± , ^ O ^ * ^ E 3^ ;ftJ ;iS 1 0 % i^i T t /J- ^ < . 7=^ O 

5 ii 2^ e 4^ ^< — -I- ^ yU- 7? b ^£ V^ rti a K <7) t° V- ^ -^x IJ >- r> 31 

ft «{± * § < fS] ± $ -a: S r i: -C ^ -5 c 
20 El dB <0 ^ ^ Ift 

^ L fell xtm T*fe 5, 

EI 2 {4. PM^Slgt^;^¥^$^H^r*5^^T. o s f y ^i/^s^^i-^RKS^ft f 

25 [113(4. :^^mx'i$.mLtzHMczm\^xhm'^^B5\±i>fms:'Dmmtm'M 
-$:(ommmx^i>o 

^ ^J' ^i^tJ ^ ^ t? o fc m ^ « L fc El -C 5 o 



wo 00/46433 




'PCT/JPOO/00379 



9 

1214 (b) (i, J^iflSl^ 1 ^«^W-t-§ ^'^-^N^ffitrin t:'<? ^JF^ 

5 El 6 li , El 4 (b) CO^ ftJ' ^->-vyW~> y =j ^ ^31 — — 

El 7 (a) ] ^JJgc^-^^/^V^!>cn-^^^ffijC:o^^Tii;S-^'"?- 

El 7 (b) Ji, I ^Hl^^^^/£V^.>aQ — y^^g5lr3Z fiJr 

10 Jgfigm. ^ t•lil-t{c:ov^-CiS^8SS^■^-■7^w' iJ' y^ffi!l^S^^Tofc3©^>^S L/cEI-C'fc 

o 

^ mm-t ^ ti (D m: Bicomm 

15 t> O -C {i v^ „ 

20 0^tt5$n-5^N — rnb^rAFM (J!^^PB1;^J^^S^^) 

5 Z <!: ¥IJ o -C # „ 

25 '^^Bmm^(D I mt^'A^ t - mi- ^ - t tz. o s * ^ to ^ e 

< o J6 . ^ t° - J- _ ^ ^ j!^ vt- m ^ $ i^ -5 J; 5 o 



wo 00/46433 PCT/JPOO/00379 

10 . .V 

- X <^ ffl $ 5 ^ ^ *s o o :: w i« ^ S iflij ^ i , 

•5 Id o iftij ^ jfe T' -5 o o T , I m^^^ i^j^^^mm^p ^ — -'^r^^ 

10 fe-SV^Ii^e^^tX — 7^^- :5^/^^-^^/£V^v^U =2 ly y^p :5L ^ :^ ^ ~ 

^^(Omm t L T ^ ffl i- mi iSS p"p ^ :n f >5f a;- ^ V' U n ^ ^ — 

# b n S i: ^£ 5 „ 

15 ^) J: 5 F t G ^ ^iNi -t n J; „ 

iai5i^0. 0 3 £2 - cmtAJb(7:)^$B^lc:*5^^T{i. F/GCOjfi 
0 . 1 8 m m 2 / °C • m i n i^. JiT tt J; V^ „ # (C ni — > ^ > ^ 

|5fe <D {& (D i6 G ;^ IS * }3 IS ^ u /-J^ s/ H y' — :/ Jic tt l±* . ii ^ ffl 

— >'<OGJi^S(7)tf'C-lfPT2. 5~4. 5'C/mm-e&<3x 
20 ^jl20mm-ecOG{±, 3. 0~6. Ot/mm-efe-So t*^oT. _hSE 
£DFyG^V^lS:i-^{:ii-iF;ei5 0. 5 5~1. Imm/'minSltifi^^^T- 

25 S c 



wo 00/46433 




'PCT/JPOO/00379 



11 

F/G>720-p2_37.^+Q g5 

X^miy ^ in ^ Z t A^m\ ^ ti ( El 2 # BH ) . 
(^wlr. F:^f5Sfi)cS)i^ [mm/min], G:¥-*SrBR!cfi|?-aai5 
5 {fT'OS$^^S$ft:^r6](Di&^<fe)Sa C*C/mm] <bi-5) 

e¥oT. ■JFiJx.tt'. J5IJa^2 0mmT?OGdS4. O'C/mmi-TSi:. 
p = 0; 0 15Q-cm'CF>l. 03mm/min^ p = 0. 010 
Q'cm-CF>1. 41mm/'min^ p = 0. 007Q-cm"CF> 
1. 7 1nim/min^ p = 0. 005n-cm-CF>l. 93mm/ 
10 m i n t fj: *) . Z (D X 5JiCR)cSjS^(0|iiii^bJi5^^lrigfigai5fe-5t>0-C 
« V ^ o 

tie o T . Z ^ m^-r ^ tz i:i \± . JJ-N ■;/ h y* - O ^ S (d J: 19 G ^ {£ 
^ Z t izfj: ^ , 

15 Ld^L^t^^s^. :?Kryby'— vco^3E^-^fc7tGO{g;Tli> ^M'^ltl^^ 
^:i-X:2|s:|gB^-C(±, :^Jl|g|52 0 mmT'(7)G;OS3. Ot:/mm^JiJzX-fo 

20 ^ -c . file « it ^ o iS; fc , ^ ^jp c z ( h m c 

Z?i) <b ii ^£ B^B 15] ^ ffl 1/^ „ C Z -^fe Id *3 5 ^a^HfiScfi B^ilffi V ma 

^ B°B A 6 ^ a . y => it c> fa ^ O fji ft H in . *5 J; t>* ?^ 

25 ^ (73 i ^ % X. fc # ^ lb # ttl ^ tb 5 H out [i . H in 

-I- H sol O fi) (d ^ L 1/^ <!: % X. b 5 o ^ n i% . H in {i \ T O y 

='i^iSfe?l?co«i;^ffij?aS43iE (dT/dZ) m Id, Hsol 

F {r . H out {± *s J* s # ® ii: ± ?a <fej la G {d tb -r ^ t % ^ p> n 5 



wo 00/46433 




PCT/JPOO/00379 



12 . .. 

( m 3 # fig ) „ 

ft ^ m (O m M it \z W ^ Hsol{4;lc^<>fe5fcfe. RKSWtgjigO 
^ o ti ^ \z nu out ^± ^ < -t ^ t)^ . Hin ^ ts < i- ^ ti^^^ t'^ h ^ o 
:l z. X'^mm<D S y h y' - ^ ^ |g ^ G ^ L * * ^ S 

m m ^ \^ ±ir ^ :i h \^ i: . i^J^f^^^cv^^^^ W s£ 5 t -c >3 . 

H out. fi — ^ t % 2) o o r . H in iSr /J^ ^ < -r 5 jf^v ^ fe S „ 

J; 19 . S T (D y =1 ^ ?S CD # ;^ [S] ?a ^ aa ( d T / d Z ) m ^ /J^ 
^<-r5Zir/55T-#. Hin^/h$<-t-5:i<bd5-CtS ( Fumio Shimur 
a:Semiconductor Silicon Crystal Technology, 1989 # BP, ) o ^ ^ K 

X) m ?r^^<i-5::t;asX'^. m m X 'i^ ^ 9z ^ m ^ ^ ± ir 

5 Tjf it b CO @ -fb C C i: "C ^ -5 ( 0 S u y< ^ ^ , 198 

6^ 7il-^#RS)„ mbO^mi-J;'?^ Fmax O Jb PHit <lr §1 § -t tf 5 

-r ''Jr , ^ S 3$ S ^ L J; 9 ^: U >c :® . fg b"b ^ ff^ ^ ^ i" 

itS:^ (D ^ (D mmx it . ]) mm ^ <D m m m m t)> m m \^ ^ ^ i& T 

L r fc (W.Zulehner et al'.;Crystal Vol . 8, 1 982 ^ # RB ) o 



wo 00/46433 




crr/jpoo/00379 



13 

5 yiF^mXi-i . 7K¥^^m(O4»'L^^8£^i^Str500~6000Gau s s 

irb, ¥^ffiB5tSf<DS$^|fiie?rl 0 r p m ^ T \>l M W ^ X 0 \Z L It . 

r^i-^'iT*. V =^ > mm (D m n M ^ m X < n ^ ri . 'i^^m 
^ ^ <D iS: m itiz 0 m ^ & ^ ^ (D mm M m (D ^ .L- % t m m ^ <D ^ 
- ^ i>'- m ^ ti . m m (D ^ m ^ <^ -r \zif^ ^ f$. -B: <D m m ^ m ^ :l t 

Sr■^^-f^ 'p ^ ~ ^-^ ±^ V X h ^ . ^ ^ f£ m IS. (D fj: V =' m 

15 KIT. 2^fg o v^ T , El ffi # Si L Jfe >5S $ e> » {w i- -5 „ 
* -f > y^^mxmm-t?>HMC Z ^ S ^ ^ b^b 51 ± tt* ^ g <^ « R5t 

^[gi3(cj:i9ift0;3i-s„ Estr^i-jz-ptd, z. (D m'!^ ±if mm 3 0 
it. B\ ±ifm 3 1 t . -h {f m 3 1 f 15? {t b n :y /-rc 3 2 t . y 
3 2wjiiia{cia^$nfct: — ^ 3 4 t> /i-y :^ 3 2^Je\^^-^^^^^y 

20 **i^ltll!i3 3^iO«^CDl5]te-^^ (m^-Br-f) t . V => (O m ^ 5 ^ 

v^ „ /V y 3 2 {i , ^ (D }h m (o ^} -^m im) 2 ^\isLmir ^ m\z. 

fi ^ :y >K *s ^ tt t^ , ^ cd ^ jflj {r H |& /u ^ 5> T v^ 5 o 

25 4 fc. t - ^ 3 4 O ffiiJ ^ la {± Ifr *t 3 5 *S isa g $ ft r V^ ^ „ 

^LT. ?l±(fM3i0 7K,^;^I^cD:^iRiJi::. 7k¥e#ffl1gi53 6S:IS: 
ML, H M C Z ffi <!: L T y =1 ^ M 2 M /ift ^ L . ¥ j$ h^b <7) 

fiJc S $r {1 /j» o T -5 „ 
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Id o V ^ r m 0^ i" 5 o 

^ -f , y 3 2 V- y = ^ O iii g[ # IS H% ^ St ( 1 4 1 

2t:) ± \z M m \. X mm i- ^ . ^i^. xK^a^^Eninu, ^ ^ 7 ^ 
-rn tt* X I ^ & -a * v> ^ IS fa t'^m h n ^ . 

ni^ > il5 m S i:i -f ^ ff^ d5 ^ * -C 'fe < , 'J' - /N l^t I' ^JD X U 

Ht td B ^ ffi I ^ ^ ^ 4 -r ^ t° ^ ^ -- -'^ I- »Q ^ ^ 

:k # tj: m f& (D fj: m W h ii ^ o 

3^ ^ ^ (TP t° ^ ^ /V iy y =1 — /N , ISfiJ ;t ± le i; 9 ''i M 

25 ^ « , c V D ir J; s y =« ^ t° ^ v' ^ b£ S ii s • S i ^ ^ ^ 

0 0 °C ± (75 fii ?a ^ n -> y 3 V S -h Id f^. *4 <^ »^ ^ 4 fc 

}± il 7c i o -c ± ^ ^ n s i ^ ^ m ^ -It -C i:? S o f4 ;y ^ l± . s 
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iCl^, SiHClg. SiHaClg. S i H ^ (D 4 M m ^ m m 

$i^TV^So Sf^Migl*. S i C I4 (Dm-B-i-ii. ^ t H 2 (-cfc^Tk 

mM7€(D Tz^ 1 1 5 0-1 2 0 0 °C<irigi<, ^ m (D m ^j: < f£ ^ t 
i&tairjiet), s i H4 (D#-g-{;i{if|!i^«PS/S:ic:J:o-ci 00 o~i 1 0 

n^^'!^ ^ ii. m ^ n ^ -A-i . V =' > & ^ (D ± m 'i^ -it ^^-^ ^ ^ ^ 

^ « w e> 15 ^ $ n -5 'fc <^ -e {± v^ „ 

i^) ir > ± n^^y V > ^ — ^ t: i^ ^ >^ ^ m ^ i^M ^ tz t 

^ . /.C S ^ -e fo ^T. {J , ^ fe 5 (4 g tfe ^-^ — -7" ^ - 

^ ffi ^ ^ L 4- v^ <!fe<oK^^^Tofco 
15 ("r ^ h 1 ) 

tg;tn:^8~12Q- cmCO^HT', ^B^;i)i2lfP2 0mm{4g-eC0J5)cS 

^{4^F/'G^0. ] 5 5mm=2 /°C- m i n t LT§l±Jffcii:^8-^>' 

*3j;tJ«*S^Jlja^2 0mm&g-C(^^S^<it:F/G<S:0. 23 9 
20 m m =^ / • m i n i: L T §| .h ^ ^ S # ^ , ffi ^ ® li I M ^ ^ 

•^^/^V^^al-y^ (W-2.ti-?,) ir^^'^SlibfCo 

*3 . :l (o G (D $f m i-i , m^u. F E M A G t \t ti ^ u -B- 

^ y y h (F. Dupret. P. Nic.odeme, Y. Ryckm 
ans, P. W outers, and M. J. Crochet, In 
25 t. J. Heat Mass Transfer, 33, 1849(1 

990)) ^{fifflb, ^> V >■ (D m 1 4 1 2 X: fj> h I 4 0 0 °C t fj: ^ iiL 
m X (D n W h . 12°C (14 12°C-.1 4 00 °C) ^ClcOS&gi 

XP\ ^ tz^m.^ G ("C / m m ) t L /c „ 
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fc <b r ^ . W - 1 (D I M ^ tr ^ S ^ JS ^ ^ 1^ /J- ^ - 7" ^ 

RS)„ •f:C0:k#^l-J;100nm~1000nmtSj'9^ i^${i5nm~2 

f-^>co«D. ^g4^cofe(7){iM--od^fj;fed=»o^ [El? (a) #hb, cini- 
^ t° ^ ='r v- /Hi ^ fR A. i: - ^ ^ ^-^ - r" ^ ^ /Ki 5& ir' 5t ^> $ Jfe o 

rc [ El 7 ( b ) # B?, ] o A F M -e m ^ u -c 9? s 5t $ n o „ 

:^ _ ^ B 1;^ ,^ g $ ^ -C ^ ^ - /N ^ 35 5^ jg ^ .fc {± 5§ - -7^ 

t ^.^ - -'^ ^ ffl V^ -C ii ^ o^B K ^ ^# ^ CD ^ it ^ f+ ?S b o 

( ^ J6t «»J 1 ) 

'^',t,^Bg^5tS4 0 0 OG a u s s<07K¥^Km?rP^A^L'^cHMCZ^£^;l 

:y d> e> ifo [Hi ife 7 . 0 r p m T- W fiJc L fc „ xM£ ffl U 4^ 5/ h v' 

— >- ±; n . ^ fiO ^ ffl 2 0 m m T? O G {± 3 . 5 5 °C m m T o fc „ 
2 Omm-e(OF/G(-iO. 2 7 9mm^ /"C - mi n-CfeS. 
( 3^ y b Jl I- 1 0 m m SB 5> ) i: -C' ^ * M S ^ ^ U , ( I 4> 'C^ 
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m& - mmmm \ / 'L>m&) xioo (%> t vxmmm^^\h'^m 

H^B b ^ "9 ttl $ n 31 - .1^ :7° , OS F V > m ^ ^ 

r . I ^ * 'te v^ ^ <^ # S ^ i: j55 T- # fc , 
5 Z 0 \^ ^ t\^fz V =' 'P ^ — ±\Z . S iHCls H-Ha ^ J:^ ^ 

H Ji {d li 5^ S S v^ {i ^ jg ^-^ — 7" ^ ^' <^ ai $ n Tfe o o 
10 ( tt Ift 0^^J 1 ) 

#Tld. SJrC^S^JlOQ- cmOii:@12-f>^^^g^-S-28-rv^(0 
5/ 7}? W J55c U o 

r(^II^fiE*jS@EI±> 0. 6 1mm/min@SdS±ISX'fe'9.i^ja2 
15 Omm-CCDF/GJiO. 172mm^/"'C-min-CfeofCo 

r (D ^ ^ *i P> ^ <? ttS U -/b >i7 — f- V :/ T- I ^ (7) ffiij tz: # ^F. -f 

50SF (^-(b^fefB«^|5fe) yvi/iD^Sli^Il^b/ciir'^.JSlffl/i^ 

i:;^coTV^Swi;^S5tfg^t^feo ^ ^ ^ E ^ ^ »J ^ L t 

20 Z ^ . t (Om.\t 1 2 % a S t? o o r O ^ ^ — ir ftu IB Ife (4^ T- b° ^ 

Sr fi ^ t c ^> , mm^\^iK^ ts: mi&t^m.^ $ tit^o 

. O S F V > V 7!)'^ tti^-r ^ a- s L v^ dWl ^ B^B + (7) ^ ^ it 

r-h ^ o t ^ X ^ m u m \^ m t=. (D m m m & it i s p pma (j e 

25 IDA) Si± t \. . mif^mit 1 OOOIG. 3B#^Tj3j;l>*l 1 50^. 1 

0 0 PbI > L <, ^h\z-m(Dm^mxosF V > ^ m ^ n v^ # 
■g-fi. 11501C, 1 0 0 ^ m (D m ^ }^ X m m \^ tz . z (d ^ o 
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It la $ n v^ o t if L „ 

8 y ^ 0 . 0 3Q- c m £x r (D p m i&m.^ m 'iS ^ ^tn. m ^ 

(Dl^m. OS F y V <D^m\^^tF.-t ^ I ^J|cJ5S^^f-A>9iA$^^V^yh 
©0^fi^{^F/Gi±. tetnl^p (Q • cm) (D t i..X . <2^5C. 

F/G>720-p2-37-p+0. 65 
(ZirtZl, p [Q- cm]. F I m'i^M^J^Mmm [mm 

/mi n]. G : mm^f&&^m^mx<D'i^^m.^mu\^(DM.m^m. [°c 

/mm] t i- -5 ) 

-C ^ ^ tb S ^ (D -e 5 ^ t ;5S itsij o (ID 2 # BP. ) o m ^ S I- . i^i T O 

J; 9 I- I !H 1^ ^ m 'ie Si£ b1 ^ ^ ^■^ b fc „ 

3. 7 A °C / m m X ^ ^ Hr^ y V ^/ — ^ M \^ X M I . 4mm/m 

l5 53- * ii . 1 0 % T -t: o /c o ffi tn: ^ 0 . 0 1 5 Q • c m r* ifii- M t-^ 
F/G{±_h^J;"9, 0. 257mm2/°c-mint?fe"9^^[H]WR5c^ 
nfcS$^(^^ia2 0mm-e«9F/G{* 0. 3 7 4mm^ /t: • m i n X 

^t tfcS $ H o „ o -C, — :^ ffi *s V ^ ^ t /j^ o -C v^ S ^1 t AS 



( * jte 3 ) 

0. 008£2-cm(^8-l' 

4 . 3 3 °C . / m m T- $) 5 * -y h V' — 



i^^Psi^H^^Jlja 2 0 mmtrOGdis 

>- $r ffl riS S i§ S 1 . 78mm/ 
^ - v= 3 X ?i J: 19 # b n fc ^ ^ 
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ncF/Gli±^J;>3, 0. 4 0mm=2/'\:.min-Cfo<9.'^lHlW^$ 

jntzf^^B(Dmm2 0mmX'(DF/GitO. 4 Imm^ / °C - m i n h 

5 tb$tu/.C d^-pfco t£oT. !:7^-^^^®^SVf5^^:'feoTV^S-^:;i)S5t 

m 'fe ^ fa b n ^ t /i^ a K^ ^ ^^ fc „ 

( tb g{ 0'J 2 ) 

IStit^O. 0 14fi-cmcD8'<^'^ii$S^jgja20mm-C<DGd5, 3. 7 
15 4lC/'mm-Cfo§^Jfefir!| 2 t [^1II(7?/J^ h y>-:/S^fflV^X^:gii^ 1 . 0 m m / 
mi n-CW^Lfc„ ig^^O. 0 1 4Q • cmT-fii.MT^eF/'GfiJhaSCJ;!?. 0. 
2 7 3mm2 /'°C-mi nT-feD. ^[H]W^$n/c^SB^t7^jgiil20mmT-£OF/' 
GtiO. 2 6 7 mm'' /1C • m i n T', ft^^it^TlHl i ^.Co fCo :i O *S b^b 

d*e>©i9i±', L;te7rc — xN4^f->':7'/U{-{iOS F y ^-j/d^JSlia**?, 2 5 mm (DiUS 

iiaitlftfiaj 2\t. F / G~ p 5 ^cJ6l'^To fc-jgo^^J^mfD- 

^J(E«?y 2 is J: t>*^Ji&0^^| 3 i;i J; o T ^lEi" ^ Z t i)^ X^tz:. 
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m ^ <D u m 

1. ^ h' ^ ^ -> ^ ± . ±^ ^ I OOnmJJiJi, m^5nm^y.±(D^ 

B ^ ^ L f£ z t ^ Wl t i- ^ ^ ^ ^ V =' ^ — o 

5 

2. =^ H' -^f ^ ^ /i^m^m V :^ > ^ t L X . ±^ ^ 1 0 0 nmUi 

-a S ^.^ V^ U ^ oi - I- :n t- ^ -> ii ^ IS tf C i & # m <!: 

■r ^ t: ^ ^- ^i^ ]} =iv!>^ — 

^ ^ ftD i- -5 ^ t ^ # ® t -r 5 ft JS 4 {d S L ^ f ^ =3!^ ^> V- y 

6. flfrlEv^';=^'^^B^B<^R)cS^{4:F/G [mm=2 /^-mi n] (rr. 

25 {IF : IS hI) J53c, S S [ m m / m i n j . G : M b^b fiJc S # ffi J£ fD ^ 

B% i?5t S f&l i^m. <£)B£["C/mm] 0. 18mm=2/"C- 

m i ntiitUT. ifttJt^O.. 0 3Q • c:mJ[iJl..|-. r-56^O^SgS«0^.:S^rSlfiC> 
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{■± ft 3|t ^ 5 ^ ^ L 7t :3i t° ^ # ^ -> y n > ^ — /"^ (?D ii^ & „ 

5 7. mrBE~>y=J>^^B^BC05!cS^{it^F/G^, ^k^. 
F/G>720-p2_37.p + Q g5 

{'t^'J'bcD.bLT. PMT*0. 0 3O-cmii;lTC0fgjfii7L^T'fo'5. ;5^o 

8. Htf§aRl»D-t-Sa»Sr7Ki|^B!^t L. ^<Drp,ij'mm^^^ 5 0 0 ~6 0 

0 0 Ga u s s t^hzii%:nmt-i-^m^m5^£\,^]^tn^m.7CD\,^-r 

15 1 {r la L t° ^ yl. -> y =i >- -^7 ^ — cO M it » 

9. H^rlaM^^giHG(D^:^r^5>;it^^i*3v^-c. iJ'^/.e<i:'b-$Cfr3. o°c/ 
t -r -5 ft IS 6 V ^ L It 5f< II 8 (O -f in. 75> 1 JI ta « L t- iJ' i>' ^ 

-r -5 IS 3tt ^ 4 V ^ L If * J5 9 -r 1 m.\z.mm l fc ^ t- ^ f^- ^ 

25 

1 1 . fifl te ¥ IS O W IJjc !C feV^T, il:^2 50mm (lO-Y:/^) ii>(.J::(7) 
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fci :i t # IS t i- S ^ k" ^ =3r -> v- U =1 ^ m — „ 
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